We calculate analytically the proportionality constant in the pressure law of a membrane between parallel walls from the strong-coupling limit of variational perturbation theory up to third order. Extrapolating the zeroth to third approximations to infinity yields the pressure constant a s 0.0797149. This result lies well within the error bounds of the most accurate available Monte Carlo result a MC s 0.0798 " 0.0003. q
Membrane between walls
The violent thermal out-of-plane fluctuations of a membrane between parallel walls generate a pressure p following the law
Ž .
w x whose form was first derived by Helfrich 1 . Here, k denotes the elasticity constant of the membrane, and d the distance between the walls. The exact value of the prefactor a is unknown, but estimates have been derived from crude theoretical approxima- 
Ž .
w x In previous work 4 , a systematic method was developed for calculating a with any desired high accuracy. Basis for this method is the strong-coupling w x version of variational perturbation theory 5 . In that theory, the free energy of the membrane is expanded into a sum of connected loop diagrams, which is eventually taken to infinite coupling strength to account for the hard walls. As a first approximation, an infinite set of diagrams was calculated, others were estimated by invoking a mathematical analogy with a ( )similar one-dimensional system of a quantum mechanical particle between walls. 
The smooth potential model of the membrane between walls
To set up the theory, we let the membrane lie in the x-plane and fluctuate in the z-direction with Ž . vertical displacements w x . The walls at z s "dr2 restrict the displacements to the interval w g Ž . ydr2,dr2 . Near zero temperature, the thermal Ž . fluctuations are small, w x f 0. The curvature energy E of the membrane has the harmonic approxi-
The thermodynamic partition function Z of the membrane is given by the sum over all Boltzmann Ž . 
Ž .
A By differentiating f with respect to the distance d of the walls, we obtain the pressure p syE frE d.
Smooth potential adapting walls
We introduce some smooth potential restricting Ž . Ž . the fluctuations w x to the interval ydr2,dr2 , for instance 
where we have set k s k Ts 1. After truncating the B Taylor expansion around the origin, the periodicity of the trigonometric function is lost and the integrals Ž . Ž . over w x in 2.2 can be taken from y`to q`. The interacting part is treated perturbatively. Then, Ž Ž )) the harmonic part of V w x leads to an exactly
The mass paramem ter m is arbitrary at the moment, but will eventually taken to zero, in which case the potential Ž Ž )) V w x describes two hard walls at w s "dr2.
We shall now calculate a perturbation expansion for Z up to four loops. This will serve as a basis for the limit m ™ 0, which will require the strong-couw x pling theory of Ref. 4 .
Perturbation expansion for free energy
The perturbation expansion proceeds from the Ž . harmonic part of Eq. 2.20 :
H ½ 5
m w x From Refs. 2,4 , the harmonic free energy per unit area f 2 is known as
The harmonic correlation functions associated with Ž .
are
Ž . determines, by Wick's rule, all correlation functions Ž . Ž . 2.10 as sums of products of 2.11 :
where the sum runs over all pair contractions, and P denotes the associated index permutations. The har-Ž . monic correlation function 2.11 is in momentum space
Ž . 
H
These rules can be taken over to momentum space in the usual way. One easily verifies that the integrals Ž . over the connected correlation functions in 2.17 -Ž .
2Ž nqVy1.
have a dimension Arm
, where V is the number of the vertices of the associated Feynman diagrams. Thus we parametrize each Feynman diagram by ÕArm 2Ž nqVy1. , with a dimensionless number Õ, which includes the multiplicity. In Table 1 were estimated by an analogy to the the problem of a w x particle in a box. In Ref. 4 , it was shown that the value Õ of a large class of diagrams of the membrane problem can be obtained by simply dividing the value of the corresponding particle-in-a-box-diagram Õ by a factor 1r4 L , where L is the number of 
Summary
We have calculated the universal constant a oc-Ž . curing in the pressure law 1.1 of a membrane fluctuating between two walls. This has been done by replacing the walls by a smooth potential with a parameter m 2 . This potential approaches the wall potential in the limit m 2 ™ 0. The anharmonic part of the smooth potential was treated perturbatively. The limit m 2 ™ 0 corresponds to a strong-coupling limit of the power series, and was calculated by variational perturbation theory. Extrapolating the lowest four approximations to infinity yields a pressure constant a, which is in very good agreement with Monte Carlo values.
